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Fluorescence in situ hybridization (FISH) and manual scanning is a widely used strategy for retrieving rare cellular events such as
fetal cells in maternal blood. In order to determine the eﬃciency of these techniques in detection of rare cells, slides of XX cells
with predeﬁned numbers (1–10) of XY cells were prepared. Following FISH hybridization, the slides were scanned blindly for the
presence of XY cells by diﬀerent observers. The average detection eﬃciency was 84% (125/148). Evaluation of probe hybridization
in the missed events showed that 9% (2/23) were not hybridized, 17% (4/23) were poorly hybridized, while the hybridization was
adequate for the remaining 74% (17/23). In conclusion, manual scanning is a relatively eﬃc i e n tm e t h o dt or e c o v e rr a r ec e l l u l a r
events, but about 16% of the events are missed; therefore, the number of fetal cells per unit volume of maternal blood has probably
been underestimated when using manual scanning.
1.Introduction
Detection of rare cellular events has enormous potential in
bothcancer[1–3]andprenataldiagnosis[4–7].Thepresence
of fetal cells in maternal circulation generates a great amount
of interest as a source of genetic material for noninvasive and
risk-free diagnosis of aneuploidies and single gene disorders
[8]. Instead of cell-free fetal DNA (cﬀDNA) in maternal
plasma, fetal cells in the maternal blood can be an alternative
approach for the development of a noninvasive method
for prenatal diagnosis that accurately detects chromosome
anomalies for two major reasons: (1) to work with pure fetal
DNA material, which will allow speciﬁc characterization of
fetal genome and (2) to have the whole genome of the fetus
and not just part of it. The number of fetal cells is extremely
low in maternal blood [9, 10]; therefore, enrichment,
accurate identiﬁcation and optimal timing of recovery are
essential for their reliable use in prenatal diagnosis [11–15].
Fetal cells could be identiﬁed by targeting speciﬁc genetic
marker exclusive for the fetal cells by molecular cytogenetic
techniques such as ﬂuorescence in situ hybridization (FISH)
and primed in situ labeling (PRINS). Manual scanning is a
commonly used strategy for retrieving these rare fetal cells
from maternal blood.
Recent studies have indicated that fetal cells can be
detected directly from the maternal blood without prior
enrichment, to avoid losing fragile fetal cells, using tech-
niques such as FISH and PRINS. Low-frequency predictions
were given by these studies that recognized fetal cells only by
the presence of a Y chromosome signal in male pregnancy
[4, 5, 9, 16, 17]. Although these studies yielded important
information concerning the number of circulating fetal cells
in maternal blood, the results are possibly skewed by the
detection eﬃciency of these rare events by cumbersome and
time-consuming manual scanning. Therefore, automation
will be required for widespread clinical use of fetal cells in2 Journal of Biomedicine and Biotechnology
prenatal diagnosis. Precision of manual scanning is crucial to
validate adequatelyany automaticscanning device. However,
the accuracy and reliability of locating these rare cells by
manual scanning has never been evaluated.
The purpose of this study was to develop a robust
protocol to assess the detection eﬃciency of rare events such
as fetal cells in the maternal blood. We developed a strategy
to spread a known number of XY cells in predeﬁned areas on
the slide and to detect these XY cells amongst thousands of
XX cells. This strategy allows for evaluation of the detection
eﬃciency of the manual scanning by knowing the exact
number of XY cells and their exact location on the slides. In
addition, the eﬃciency of the FISH technique in recovering
rarecellscanbeevaluatedbyveriﬁcationofthemissedevents
and evaluation of the hybridization signals after scanning.
Furthermore, this strategy has various potential applications
as it could be used in the validation of automatic scanning
and comparisons between diﬀerent detection techniques.
2.MaterialsandMethods
2.1. Sampling. Three milliliters (3mL) of heparinized pe-
ripheral blood were obtained from both male and female
donorsandrenderedanonymous.Donorswerehealthy,non-
pregnant adults between 20 and 35 years of age. Immediately
after sampling, whole blood samples were dispensed into
250µL aliquots, washed with Hank’s balanced salt solution,
and harvested by standard cytogenetic techniques. For both
XX and XY cells, small aliquots of ﬁxed cell suspensions were
prepared and stored at −20◦C until needed.
2.2. Spreading and Counting. Spreading of 2µL of diluted
ﬁxed XY nucleus suspension at one, two, or three predeﬁned
spots onto cleaned slides was performed in a modiﬁed Ther-
motron environmental control unit (CDS-5, Thermotron,
Amsterdam, Netherlands) at 25◦C and 36% humidity. All
slides were encoded and stained with 4% Giemsa solution
(Harleco; EMB, Gibbstown, NJ) containing 4% of Sorensen’s
phosphate buﬀer [18]. Two diﬀerent observers scored the
number of XY cells on each slide, blindly. Slides with more
than 11 cells or with no concordance of cell counts between
observers were excluded. Each Giemsa-stained target cell was
located, imaged using the 100x objective on an Olympus BX-
61 microscope and coordinates were registered. The selected
slides were then subjected to secondary spreading with XX
nuclei suspension of 1.5 × 105 nuclei on top of XY spreading
areas. In addition, 100% XX and XY cell slides were spread
as controls. A total of 148 XY cells were distributed on 60
slides. For statistical analysis, the slides were divided in two
c a t e g o r i e s :3 0s l i d e sw i t har a n g eo f2t o1 1X Yc e l l so ne a c h
slide and 30 slides with either 0 or 1 XY cell per slide.
2.3.FISHProcedure. Slides wereﬁrstagedovernight at37◦C,
then, immersed in 2xSSC at 37◦Cf o r3 0m i n u t e s .S l i d e s
were dehydrated through a series of ethanol baths (70%,
80%, 100%). Conventional dual-color FISH was performed,
using probes speciﬁc for chromosomes X and Y (CEP X:
spectrum orange alpha-satellite and CEP Y: spectrum green
satellite-III; Vysis/ABBOTT Diagnostics, Downers Grove,
IL) diluted 1:100 and 1:300, respectively, in cDenHyb-1
(Insitus Biotechnologies, Albuquerque, NM). The slides and
the probes were codenatured at 75◦Cf o r5m i n u t e sb e f o r e
being sealed with rubber cement and placed in a humid
chamber for hybridization at 37◦C for 16 hours. Coverslips
were then carefully removed and the slides were washed with
a solution of 0.4xSSC/0.3% NP-40 at 72◦Cf o r2m i n u t e s .A
secondwashwasperformedinasolutionof2xSSC/0.1%NP-
40atroomtemperaturefor3minutes.Afteraﬁnalwashwith
distilled water, the slides were mounted in DAPI II (0.1M
Tris pH 8.0, 90% glycerol, 1mg/mL p-phenylenediamine,
0.01% 4,6-diamidino-2-phenylindole (DAPI)).
2.4.MicroscopicObservation. Manualscoringwasperformed
blindly on an Olympus BX-61 ﬂuorescent microscope
equipped with appropriate ﬁlter sets. Fluorescence nucleus
pictures were taken using a CCD camera and ISIS-2
software (Metasystems, Altlussheim, Germany). All slides
were analyzed using the appropriate single band pass ﬁlter.
Primary search was performed for Y-signal using spectrum
greenbandﬁlter(FITC).Suspectedeventsweresubsequently
veriﬁed for the presence of single X chromosome-speciﬁc
signal on a DAPI-stained nucleus under the appropriate
spectrum red (TRITC) and blue (DAPI) ﬁlters. The number
of detected XY cells per slide, cellular location, and imaging
were recorded, along with time required for the scoring of
each slide. All manual microscopy was performed at 1000X
magniﬁcation. We also scored the hybridization status of
the Y signals in 5000 cellular events distributed in the 5
control slides of 100% XY cells. The slides were stored in
dark at −20◦C after the scanning process to avoid bleaching
of signals.
In all cases, cells were considered to be positive if
the following criteria were met: nuclei had two diﬀerent
ﬂuorescent signal colors representing both the X and Y
chromosomes, an intact nuclear border as indicated by DAPI
staining, and presence of ﬂuorescent signals only through
appropriate ﬁlters. Cells in direct contact with each other
were excluded. The hybridization signals were usually bigger
and brighter than the background signals such as debris,
ﬂuorescent materials, or air bubbles that are not blocked by
theﬁlter.Mostofthesebackgroundsignalscouldbeexcluded
by bleed through signals that is, signals which appears in all
ﬁlters.
2.5. Rehybridization Procedure (Re-FISH). A reverse color
FISH was done for all recovered cells to conﬁrm the identity
of the cells. Evaluation of its reliability in conﬁrming positive
events was also recorded. For the re-FISH procedure, cov-
erslips were removed by dipping the slides in a prewarmed
2xSSC bath, at 37◦C for 10 minutes. The existing FISH
probes were then removed by denaturing the slides with
70% formamide/2xSSC at 73◦C for 2 minutes 30 seconds.
Slides were then dehydrated in successive ice-cold ethanol
baths (70%, 80%, 100%) and air-dried. Finally, slides were
processed through a second round of FISH procedure using
the opposite ﬂuorochrome labeling (X probe in green and Y
probe in orange) to produce the reverse color FISH pattern.Journal of Biomedicine and Biotechnology 3
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Figure 1: Schematic management of detected (a), missed (b), and extra cells (c). FP: false positive, TP: true positive, N/A: not acquired.
2.6. Analysis of Cellular Scanning. The slides were scanned
blindly (without knowing the number of XY cells or their
location on the slide) by one investigator, then the analysis
was performed within 48 hours after scanning by another
investigator. Following the scanning, the location (coordi-
nates) and the shape of captured events were compared
with that of the previously recorded Giemsa-stained photos.
Depending on the results of the scanning, three diﬀerent
possibilities were observed (see Section 3).
2.7. Statistical Methods. The statistical analysis was per-
formed using “proc reg” and “proc mixed” procedures of
the Statistical Analysis System (SAS) software, version 9.1.3
(SAS Institute Inc., Cary, NC). Spearman’s correlation was
used to assess the process of the manual scanning and
regression analysis curve was plotted to demonstrate the
detection eﬃciency of the target events. Kruskal-Wallis test
wasdonefortheanalysisofvarianceofstatusversusdiﬀerent
observers. The odds ratio was calculated for determining the
eﬀect of hybridization on the detection eﬃciency. Index of
Youden was used for assessment of the methodology.
3. Results
As our manual scanning approach was based on the ﬁnding
oftheYsignalﬁrst,weﬁrsttestedthehybridizationeﬃciency
Table 1: Interpretation of cellular events according to the concor-
dance of the FISH images resulting from scanning and previously
taken Giemsa images.
Interpretation of cellular event FISH photo Giemsa photo
Retrieved XY target
( t r u ep o s i t i v ec e l l ) Present Present
Missed event Absent Present
Extra cell detected Present Absent
of the Y chromosome centromere probe. We found that the
hybridization eﬃciencyoftheYprobein 5,000pureXYcells,
processed by conventional FISH, was 99.1% (4,955/5,000).
The hybridization was adequate in 97.3% (4,865/5,000) of
cells, whereas the remaining 1.8% (90/5,000) showed poor
hybridization signals.
Next, we evaluated the retrieval of rare cellular events by
a manual scanning-based FISH method, using an approach,
w h i c hi ss u m m a r i z e di nF i g u r e1 and Table 1. All slides were
screened at 1000x for the Y-signal for primary detection,
with subsequent conﬁrmation of an X chromosome-speciﬁc
signalonaDAPI-stainednucleus,usingtheappropriateband
pass ﬁlters. Comparison of the location (coordinates) and
the shape of captured events with that of the previously
recorded Giemsa-stained photos resulted in three possible
results (Figure 1 and Table 1). The ﬁrst one is when a4 Journal of Biomedicine and Biotechnology
captured ﬂuorescent image matched with a previously taken
Giemsa photo, in which case the cell was scored as a
recovered event (Figure 2). The second possibility is when no
corresponding ﬂuorescent image was found for a previously
recorded Giemsa one, in which case the cell was scored as
a missed event. In these circumstances, retrieval of the cell,
using the coordinates and shape of the recorded Giemsa
image, and evaluation of its hybridization eﬃciency were
performed. Cells were scored as either a missed event or
a hybridization failure. In the third scenario, a captured
ﬂuorescent image had no corresponding Giemsa one. Re-
FISH was then used to score the cell as either a true positive
or false positive. Table 2 summarizes the results obtained by
manual scanning. Two observers A and B blindly scanned 18
and42slides,respectively,inordertoretrieve148XYpositive
cells among around 90 × 105 XX cells, distributed on 60
slides, with an average of 1.5 × 105 XX cells per slide. The
overall detection rate of the true positives was 84.5% (125
out of the 148 XY cells). The remaining 23 missed cells were
considered false negatives. Individually, observers A and B
detected 25 out of the 35 XY cells (71.4%) and 100 out of
the 113 XY (88.5%), respectively (Figure 3(a)). The variance
analysis did not show a statistical diﬀerence between the two
observers (P = 0.606). Therefore, the combined ﬁndings
of these two observers were used to assess the sensitivity,
speciﬁcity, and eﬃciency of rare events detected by the
manual scanning and FISH technique. We found that the
speciﬁcityandsensitivityfordetectionofXYcellswere99.9%
and 84.5%, respectively, with a positive predictive value of
97%. In the same vein, by using the Spearman’s correlation,
we found high correlation between the detected cells and
the number of predeﬁned target cells per slide (C.C = 0.947,
P<0.001). Regression analysis was plotted to demonstrate
therelationofthedetectedcellsversusthetruenumberofXY
cells (Figure 3(b)). Furthermore, a high index of Youden at
0.85 conﬁrmed the eﬃciency of our approach. In summary,
themanualscanningisareliablemethodtodetectrareevents
hybridized using the FISH technique.
To gain deeper insight into the causes of the occurrence
of false-negative events, we evaluated missed cells after
scanning. Of the 23 missed cells, 2 cells (8.7%) were not
hybridized for the Y chromosome, 4 cells (17.4%) were
poorly hybridized and the hybridization was adequate in
the remaining 17 cells (73.9%). Thus, manual scanning
and the related FISH procedure were responsible for the
occurrence of 73.9% and 26.1% of the false-negative events,
respectively. The major cause of false-negative cells is the
manual scanning and human fatigue. The long scanning
time, which was estimated to be on average 150 minutes,
might be one of the reasons for the occurrence of false
negatives due to the manual scanning. The second cause
of false negatives is defective hybridization, which could be
attributed to insuﬃcient hybridization at the target site or
fading of the ﬂuorescent signals (Figure 4). The latter is
highlighted by the higher prolonged automatically adjusted
exposure time for the Y probe channel (>0.72 second) in
contrast to an average of 0.32 seconds for the detected
cells. Next, we investigated if the percentage of cells with
inadequate hybridization could be due to a drawback of
Giemsa Re-FISH FISH
Figure 2: Example of Giemsa, FISH and re-FISH images of three
detected events.
the double spreading and Giemsa staining procedure. We
compared the hybridization eﬃciency of the Y probe on
pure XY cells,without double spreading and Giemsa staining
(see above), to that obtained from our FISH procedure on
the prespread XY cells and we did not ﬁnd any statistical
signiﬁcant diﬀerence of the percentage of nonhybridized
(P = 0.3938) and poorly hybridized (P = 0.1797) cells
of both groups. This led us to exclude the possibility of a
procedure-related eﬀect on the hybridization eﬃciency.
To evaluate extra cells and exclude false-positive events,
we performed re-FISH on all detected cells, including the
predeﬁned XY cells and six additional cells. Evaluation of
its reliability was measured on the detected predeﬁned XY
cells. Re-FISH gave an unambiguous reverse color pattern
in 90.4% (113/125) of detected XY cells. Detected extra cells
did not show the expected reversed signal pattern after re-
FISH hybridization except for three extra cells (two in slide
AMP-22 and one in slide SMP-51) as shown in Table 2.
Interestingly, these three cells were inside the predeﬁned area
of spreading, very close to other positive target cells in the
corresponding slides. It appeared that they were missed in
the original Giemsa-stained target counting step. These three
events were included in the positive XY spread cells on the
slidesinthe ﬁnaltabulationforthesakeofstatistical analysis.
Therefore, re-FISH is a highly reliable approach, which can
help to exclude false-positive events.
4. Discussion
In this study, we develop a robust protocol to validate the
detection of rare events by a manual scanning and FISH
technique. We found that manual scanning and FISH allows
the detection of 1–10 targeted cells, among a total of 1.5 ×Journal of Biomedicine and Biotechnology 5
Table 2: Results obtained by manual scanning.
Slide Spread XY cells Detected cells Missed cells
AMP-9 1 1 0
AMP-10 4 4 0
AMP-11 2 0 2
AMP-12 5 4 1
AMP-13 5 2 3
AMP-14 2 2 0
AMP-18 3 3 0
AMP-19 0 0 0
AMP-20 1 1 0
AMP-21 1 1 0
AMP-22 3 + 2E∗ 41
AMP-23 0 0 0
AMP-24 1 1 0
AMP-25 1 0 1
AMP-26 3 1 2
AMP-27 0 0 0
AMP-28 1 1 0
AMP-29 0 0 0
SMP-10 4 3 1
SMP-11 11 10 1
SMP-12 2 2 0
SMP-13 11 9 2
SMP-24 5 5 0
SMP-25 3 3 0
SMP-26 2 2 0
SMP-27 3 3 0
SMP-28 1 1 0
SMP-29 5 4 1
SMP-30 6 6 0
SMP-31 3 3 0
SMP-32 6 5 1
SMP-33 7 6 1
SMP-34 6 5 1
SMP-35 4 3 1
SMP-36 2 2 0
SMP-37 1 1 0
SMP-38 3 3 0
SMP-39 2 2 0
SMP-40 5 5 0
SMP-41 4 3 1
SMP-42 0 0 0
SMP-43 3 3 0
SMP-44 1 1 0
SMP-45 0 0 0
SMP-46 1 1 0
SMP-47 0 0 0
Table 2: Continued.
Slide Spread XY cells Detected cells Missed cells
SMP-48 2 2 0
SMP-49 0 0 0
SMP-50 1 1 0
SMP-51 1 + 1E∗ 20
SMP-52 0 0 0
SMP-53 0 0 0
SMP-54 0 0 0
SMP-55 3 3 0
SMP-56 0 0 0
SMP-57 1 1 0
SMP-58 0 0 0
SMP-59 1 0 1
SMP-60 1 0 1
SMP-61 1 0 1
E∗, extra true positive cells conﬁrmed by re-FISH.
105 cells, with 99.9% of speciﬁcity, 84.5% sensitivity, and a
positive predictive value of 97%. In addition, we found that
this method is highly reliable and eﬃc i e n tw i t hh i g hY o u d e n
index of 0.85. Moreover, we determined the rate of false-
negative and false-positive events and the inherent causes of
their occurrence.
The experimental design, which involved the assessment
ofslidescontainingknownnumbersofpredeﬁnedraretarget
cells, allowed, for the ﬁrst time, the retrieval and evaluation
of hybridization of false-negative or missed events. Our
results indicated that the manual scanning process is respon-
sible for 73.9% of false-negative events while the remaining
26.1% was due to the FISH technique. The fatigue generated
by the long time of scanning, on average 150 minutes per
slide, and the screening of low numbers of small dots among
thousands, might be some reasons of the occurrence of false
negatives.Thesefactorscanbeovercomebythedevelopment
and validation of automatic scanning to search for these
kinds of rare events. The second cause of false-negative
events was the FISH technique, responsible for missing 4%
of the target cells and this percentage was not statistically
diﬀerent from the eﬃciency of the Y centromere probe.
The diﬀuse and weak Y signal was mostly responsible for
the FISH drawback. Diﬀused signals can be explained by
chromatin extension forming chromatin ﬁbers, which links
two or more condensed domains of chromatin. These ﬁbers
usually show a very weak signal, which fades faster than a
normal one [19]. The nature of defective signals resulting
from overdecondensed chromatin points to the importance
of prehybridization steps in the FISH technique. However,
more eﬀort should be oriented toward the reduction of
false-negative events due to manual scanning, which can
be overcome by the development of an automatic scanning
system.
Interestingly, data collected in this study conﬁrmed the
reliability and accuracy of our previous methodology using
manual scanning for the determination of the frequency6 Journal of Biomedicine and Biotechnology
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of fetal cells in maternal blood. Using this methodology,
we previously located a median of 2 to 6 fetal cells per
milliliterofmaternalbloodinthesecondtrimesterofnormal
pregnancy between 18 and 22 weeks [9]. This number is
increased by 3 to 5 times in cases of Down’s syndrome
[4, 5]. Similar increases were also detected in diﬀerent types
of aneuploidies [4, 5]. According to our study, the number
of detected fetal cells seemed to be underestimated by an
average of 16% due to the occurrence of false-negative cells.
Thus, these missing cells can be largely recovered by a
robust automatic scanning, increasing the likelihood of the
development of noninvasive prenatal diagnosis in future.
Our ﬁndings lay the groundwork for the validation
of automatic scanning for the detection of fetal cells in
maternal peripheral blood. Many innovative technologies
havebeendevelopedtoalleviatetheburdenofscanninglarge
numbersofcellsandallo wrapidandpr ecisedetectionofrar e
events using an automated slide-scanning device and image-
analysissoftware[20,21].Arobustsystemallowingdetection
of one male fetal cell or one trisomic 21 cell among 10,000
to 100,000 maternal cells would be extremely useful. Such
system would obviate the need or at least signiﬁcantly reduce
the required level of enrichment of fetal cells and facilitate
screening large number of slides, making prenatal diagnosis
more easily achievable [19]. Evaluation of the eﬃciency of
these automatic slide-scanning devices is mandatory before
clinical implementation. Diﬀerent investigators have already
tried to validate automatic scanning devices for the detection
o fﬂ u o r e s c e n ts i g n a l so fr a r ec e l l u l a re v e n t s[ 1, 6, 22, 23].
When detection of extremely rare cellular events is required,
an accurate evaluation is diﬃcult to obtain. Some groups
worked on real clinical samples and compared the results
of automatic and manual scanning [20, 22]. However, the
accuracy of the manual scanning, which is considered the
gold standard, in the detection of rare cellular events had
never been validated. Other studies measured the detection
eﬃciency by using prediluted artiﬁcial sample mixtures
(spiked samples) [1, 19, 20, 22–24]. Dilutions of target cells
within a whole cell population are reliable within certain
limits of dilution. Nevertheless, in case of fetal cells, an
average of 2 to 6cells/mL have been located by manual
scanningof20to30slideswithanaverageof100,000cellsper
slide [9]. In such situations, where the target cells represent
an extremely low proportion with an average required
dilution of more than 1:105, the predilution strategy seems
imprecise and could be considered as an approximation
of the real situation. In summary, our protocol can be an
accurate tool for the comparison of manual and automatic
scanningandthedevelopmentandvalidationofthelatterfor
t h ed e t e c t i o no rr a r ee v e n t ss u c ha sf e t a lc e l l si nt h em a t e r n a l
circulation.Journal of Biomedicine and Biotechnology 7
5. Conclusion
Our current investigation indicates that a small amount of
circulating male fetal cells dispersed in thousands of female
cells can be detected with high speciﬁcity and sensitivity
using FISH and manual scanning. However, the FISH
technique was responsible for missing of 4% of cells due to
nonhybridization or inadequate signaling while 11.5% were
missed as a drawback of the process of manual scanning.
Eveniftheaccuracyofmanualscanningforsignalcountingis
good, speed and reliability of manual scanning is dependent
on technical expertise. This methodology allowed us to
determine the eﬃciency of detection of rare cell events by
manual scanning. It establishes a standard for testing new
detection strategies of rare event such as fetal cells in the
maternal circulation using automatic scanning.
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